Abstract. Rats exposed to single-prolonged stress (SPS) showed enhanced inhibition of the hypothalamic-pituitaryadrenal (HPA) system and alteration in the glucocorticoid/ mineralocorticoid receptor. Dysfuntion of the HPA axis is one of the core neuroendocrine abnormalities of post-traumatic stress disorder (PTSD). Serotonergic receptor, glucocorticoid receptor (GR) and corticotropin-releasing factor (CRF) have been proposed to play major roles in dysfuntion of the HPA axis. However, the precise molecular mechanism is unknown. In this study, we investigated the relationships between the changes of GR in hippocampus as well as CRF in hypothalamus and the activity of 5-HT1A receptor in SPS rats. We exposed rats to SPS with or without prior treatment with WAY100635 (the 5-HT1A receptor antagonist), and observed behavioral changes, GR levels in the hippocampus and CRF levels in the hypothalamus by immunohistochemistry, Western blotting and RT-PCR seven days after SPS. Our results demonstrate that SPS increases expression of GR and CRF, which were partially inhibited by WAY-100635.
Introduction
Post-traumatic stress disorder (PTSD), an anxiety disorder, develops after a life-threatening, traumatic experience, and is characterized by symptoms that often endure for years including intrusive memories (flashbacks), avoidance of stimuli associated with the trauma, numbing of general responsiveness, and increased arousal (1) . Negative feedback of the enhanced hypothalamic-pituitary-adrenal (HPA) axis is a putative neuroendocrinological hallmark of PTSD (2) (3) (4) . It was reported that single-prolonged stress (SPS), a putative PTSD animal model, presents behavioral alterations resembling and showing the most consistent neuroendocrinologic characteristics with PTSD patients (5) (6) (7) (8) .
As a kind of neurotransmitter, serotonin (5-hydroxytryptamine, 5-HT) plays an important role in controlling the complex neuronal communication, such as negative feedback of the HPA axis via the serotonergic receptor (9, 10) . It was proposed that serotonergic type 1A (5-HT1A) receptor has an important effect on mood and anxiety modulation (11, 12) , but keeps the role of serotonin receptor on PTSD contradicative (13, 14) . Several brain regions, such as the hippocampus and hypothalamus, which have abundant glucocorticoid receptors (GR), are involved in the regulation of stress (15, 16) . Rats exposed to SPS show an enhanced negative feedback through upregulation of GR mRNA and downregulation of mineralocorticoid receptor mRNA in the hippocampus 7 days after SPS (5). The corticotropin-releasing factor (CRF) in the para ventricular nucleus (PVN) affects the releasing of the adrenocorticotropic hormone (ACTH) from the anterior pituitary during stress (17) . Induction of CRF in the PVN is a frequently observed stress related response reflecting activation of the HPA axis (18) . However, the precise molecular mechanism of dysfunction of the HPA axis remains unclear.
In the present study, we hypothesized that the activity of 5-HT1A receptor is involved in the changes of GR and CRF in SPS rats. To investigate the effect of 5-HT1A receptor on GR and CRF, we exposed rats to SPS with or without prior treatment with WAY100635 (the 5-HT1A receptor antagonist) and observed the behavioral changes, GR levels in the hippocampus and CRF levels in the hypothalamus by immunohistochemistry, Western blotting and RT-PCR.
Materials and methods
Experimental animals. Male Sprague-Dawley (SD) rats, 7 or 8 weeks old and weighing 240-280 g, were purchased from China Medical University. Rats were housed in an airconditioned room (22±1˚C and 55±5% humidity) with a 12-h light/dark cycle and given standard chow and tap water. All procedures followed the National Guidelines on Animal Care.
Inducution of the SPS model. SD rats were randomly divived into 4 groups (n=20 per group): i) normal group, ii) sham group (vehicle administration), iii) SPS group (SPS + vehicle administration), and iv) blockade group (SPS + WAY100635 administration). The SPS model was created as described previously (19) . Briefly, rats were restrained for 2 h and immediately forced to swim for 20 min in water (24˚C). After a 15-min rest, they were anaesthetized by ether and then laid in their cages without disturbance. The rats in the blockade group were treated with WAY100635 (Sigma, USA, dissolved in normal saline, 3.0 mg/kg s.c.) 30 min before SPS (20) while normal saline to replace WAY100635 in SPS group (Sigma, dissolved in normal saline, 3.0 mg/kg, s.c.). Rats with the sham group were treated with normal saline only.
Morris water maze test. To test hippocampal-dependent spatial cognition, the rats (5 rats from each group) were trained in the standard Morris water maze (MWM) with a hidden platform. A 5-day testing study was performed as previously described in detail (21) . Briefly, rats were gently placed in the water between quadrants, facing the wall of the pool, to find a submerged platform within 120 sec. Then, they were allowed to stay on the platform for 20 sec. If failing, they were guided gently to find the platform and stay there for 20 sec. For each rat, there were 4 measurement times with different dropping location. The whole process was recorded by video and the escape latency (EL) time was analyzed by image tracking software (China Daheng Group, Inc., Beijing Image Vision Technology Branch, Beijing, China).
Brain tissue preparation. From each group, 5 rats were transcardially infused with 200-300 ml of pre-cold saline through the ascending aorta, followed by 300 ml of 4% pre-cold paraformaldehyde. The whole brain was rapidly removed and dissected on ice, followed by 6-10 h of post-fixation in 4% paraformaldehyde at 4˚C. After immersed in 20% sucrose solution and frozen in liquid nitrogen, the brain tissue was cut into slices with 15 μm in thickness and stored in -70˚C. For other rats (10 rats from each group), the hippocampus and hypothalamus were quickly dissected from the brain and stored at -80˚C.
Immunohistochemical analysis of GR and CRF. After treated with 1% hydrogen peroxide/methanol, sections were incubated with 10% normal rabbit serum for 30 min at 37˚C, the I antibody (anti-GR, Santa Cruz, USA; anti-CRF, Boster Biological Technology Ltd., China; both 1:200 dilution) for overnight at 4˚C, and the II antibody (Boster Biological Technology Ltd., 1:200 dilution) for 1 h at 37˚C. Then, the sections were incubated with avidin-biotin peroxidase complex (Boster Biological Technology Ltd., 1:200 dilution) for 1 h at 37˚C and immunocomplexes were finally visualized with 0.05% DAB. An independent investigator obtained images from five slices of each rat and results were analyzed by an image analyzer. CA1 and dentate gyrus subregions were used to analyze GR expression, while hypothalamus was used to analyze CRF.
Western blotting to detect GR. The tissue of the hippocampus was homogenized in lysis buffer (50 mM Tris buffer, 250 mM NaCl, 0.1% NP-40, 1 mM NaF, 0.1 mM Na 3 VO 4 , 0.5 mM EDTA, 0.5 mM EGTA, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 100 μg/ml PMSF) and centrifuged at 15,000 g at 4˚C for 30 min. The supernatants were collected and protein content detected with BCA protein assay kit. Protein (30 μg) was separated in 10% SDS-PAGE and transferred onto PVDF membranes (Millipore, Bedford, MA, USA). After blocked with 5% skimmed milk, the membrane was incubated with I antibody (anti-GR, Santa Cruz, 1:500; anti-ß-actin, Abcam, 1:1,000) for 24 h at 4˚C and II antibody (Boster Biological Technology Ltd., 1:3,000) for 2 h at room temperature. Blots were subjected to autoradiography (ECL reagents, Amersham Pharmacia Biotech, Buckinghamshire, UK). The optical density (OD) of GR and ß-actin were analyzed by Gel Image Analysis System (Tanon 2500R, Shanghai, China). The levels of GR were normalized by ß-actin.
Reverse transcription-polymerase chain reaction (RT-PCR)
to detect GR and GRF. Total RNA was isolated from the hippocampi and hypothalamuses by Trizol (Invitrogen, USA) and 1 μg of total RNA was reverse transcribed into cDNA. cDNA was amplified using a RNA PCR kit (AM Ver. 3.0, Takara Bio, Otsu, Japan). The specific primers were synthetized from Sangon Biological Engineering Technology & Services Co. Ltd. (Shanghai, China). The sequence of each gene is shown in Table I . The amplification profile includes: i) denaturation at 94˚C for 5 min, ii) 32 additional cycles at Table I . The sequence of GR, CRF and ß-actin. 94˚C for 50 and then 45 sec at 56.5˚C (for GR) and 58˚C for (for CRF), 72˚C for 50 sec, and iii) extension at 72˚C for 8 min. The PCR products were separated on 1.5% agarose gel by electrophoresis and the density of each band was analyzed on the Gel Image Analysis System (Tanon 2500R, Shanghai China). The levels of GR and CRF mRNA were normalized by ß-actin.
Statistical analysis.
All values are presented as the means ± standard error of means (SEM) and analyzed using SPSS 13.0. Statistical significance was deterrmined by one-way analysis of variance (ANOVA), followed by the Tukey test when appropriate. P<0.05 was considered as statistically significant. Fig. 1 shows the learning curves in the Morris water maze test to show EL time during 5-day training. There is no difference in EL between normal and sham groups. Compared with normal and sham groups, SPS significantly increased its EL during the first four days, (P<0.01), which were partially blocked by WAY100635 during the first three days. Althoug EL in the blocked group is still higher than the normal and sham groups, their abilities to reach the hidden platform shows a marked increase during the first three days. At the fifth day, there is no difference among the groups.
Results

Hidden platform trial.
Results of immunohistochemical analysis of GR and CRF.
There was no statistically significant difference between normal and sham groups. Compared to the normal and sham groups, expression of GR and CRF increased in SPS, which were partially blocked by WAY100635 (Table II, Fig. 2 ).
GR expression detected by Western blotting.
Similar to the immunohistological staining, there was GR expression in the hippocampus area when rats were under normal conditions. SPS significantly increased the GR expression which is partially decreased by WAY100635. The results indicate that SPS stimulates the expression of GR, but this increase is inhibited by 5-HT1A receptor antagonist (Fig. 3) .
GR and CRF mRNA expression. The levels of GR mRNA in hippocampus and CRF mRNA in hypothalamus were detected by RT-PCR. There was both GR and CRF expression in the normal condition. Compared with the normal group, sham had no effect on the GR and CRF mRNA expression, however, SPS significantly increased their expression which were partially decreased by WAY100635. The results indicate that SPS stimulates the expression of GR, but this increase is inhibited by 5-HT1A receptor antagonist (Fig. 4) . Figure 2 . Presentation of GR expression in the CA1 of hippocampus (A-D, magnification x100) and CRF in hypothalamus (E-H, magnification x400). The GR-immunoreactive cell quantity of SPS rats (C) exceeds that of normal (A) and sham (B) rats, whereas fewer GR-immunoreactive cells were distributed in blockade rats (D). CRF-immunoreactive cell quantity of SPS rats (G) also exceeds that of normal (E) and sham (F) rats, and fewer CRF-immunoreactive cells were distributed in blockade rats (H). Table II . A quantitative analysis of GR expression in the hippocampus and CRF expression in the hypothalamus. -
------------------------------------------------
Discussion
The pathogenesis of PTSD should be elucidated. SPS is a good animal model of PTSD based on the time-dependent dysregulation of the HPA axis, since it shares the most consistent neuroendocrinologic characteristics with PTSD patients (19) . Rats subjected to SPS show enhanced negative feedback through upregulation of GR mRNA and downregulation of mineralocorticoid receptor (MR) mRNA in the hippocampus 7 days after SPS (5). Furthermore, SPS rats have an exaggerated acoustic startle response (22) and enhanced contextual freezing (6, 23) . These findings suggest that SPS causes enhanced sensitivity to stimuli, which resembles the trauma-related and unrelated psychophysiological responses in patients with PTSD. However, the precise mechanisms by which the HPA axis are dysregulated and PTSD develops remains unknown. The aim of this study was to determine whether blocking 5-HT1A receptor influences GR and CRF expression in SPS. Rats were assessed for their spatial memory performance using the Morris water maze task. SPS impairs the acquisition of spatial memory (7). In our study, there was a significant difference in the performance of EL between SPS and normal rats. Moreover, blockade group rats improved their performance in finding the hidden platform. These observations suggest that SPS rats exhibit obvious deterioration in learning ability and memory tasks, associated with the activity of 5-HT1A receptor.
Since behavioral changes were observed 7 days after SPS (7), changes in hippocampal GR expression and hypothalamic CRF expression were detected simultaneously. Our study demonstrates that SPS increased the levels of GR mRNA and protein in the hippocampus and CRF mRNA and protein in the hypothalamus. These results are consistent with some previous reports (5, 19, 24, 25) . Furthermore, we also found that the mRNA and protein of GR and CRF decreased after blockading 5-HT1A receptor compared to SPS rats.
Under stress situations, hippocampal GR is sensitive to elevated glucocorticoid levels (26) . After 7 days of SPS, the GR mRNA expression in the hippocampus increased (5) . GR activation might play a critical role in producing the altered behavior and neuronal function of SPS rats (7) . It is well documented that the overactivity of the HPA axis in depression is due to an abnormality of the GR at the limbic-hippocampal level (27) . Our results are consistent with this finding. However, our group recently observed the opposite effect of SPS on GR level in the hippocampus (28) . We think that there are two possibilities: i) different animal species used in experiments cause different expression of receptor; ii) density of the activated receptors detected by antibodies was different. Cortisol in plasma, awakening saliva or 24-h urinary in animal models subjected to war-related PTSD were lower than in healthy individuals with or without exposure to trauma (29) . Subjects with PTSD have also exhibited greater suppression of the adrenocorticotropin hormone (ACTH) and cortisol in plasma and lymphocyte GR in response to dexamethasone (30, 31) . Cerebrospinal fluid (CSF) concentrations of CRF were higher in PTSD patients (24, 25) . We also observed that CRF proteins and mRNA were increased 7 days after SPS.
In the present study, we examined SPS induced upregulation of GR and CRF expression, and found that GR and CRF decreased after blockade of the activity of 5-HT1A receptor. This result could help understand the dysregulation of the HPA axis in PTSD. In SPS, stress may upregulate GR and CRF via activation of 5-HT1A receptor. Blockade of 5-HT1A receptor downregulates GR and CRF, which is a new way to synthetize new drugs and retrieve the dysfunction of HPA axis in SPS. After SPS, stress might affect the protein and mRNA expression of GR and CRF through the 5-HT1A receptor, and induces dyfunction of the HPA axis. In this study, we only focus on the changes of GR and CRF in SPS rats with and without 5-HT1A receptor antagonist. There are still some limitations, for example, we did not examine on the changes of 5-HT and the relationship between GR and CRF as well as 5-HT. We did not detect whether there are similar changes in other regions. However, this study clearly shows that activity of 5-HT1A receptor is involved in the alteration of GR and CRF in SPS rats.
